Recent evidence in the dysphagia literature shows that tongue resistance training can be used to improve tongue strength. In this review article, we summarize what is known about the tongue and its role in swallowing. We review the literature on tongue pressure generation capacity (strength) and response to tongue resistance exercises. Tongue skill is introduced as a possible alternate goal in tongue resistance training, based on consideration of related literature regarding neural adaptation and improvements in motor performance resulting from treatment approaches in which goal-oriented practice and performance-specific feedback are provided.
Introduction
The use of oral motor exercises in speech-language pathology has been the subject of much debate (Lof &Watson, 2008) . Clinicians commonly instruct patients in oral range-ofmotion tasks (e.g. tongue lateralization or protrusion) and resistance is sometimes incorporated (e.g., pressing the tongue tip against the cheek wall or a tongue depressor). Critics argue that these exercises are not specific enough to speech or swallowing tasks to yield improvements.
Others have pointed out that these exercises probably do not involve sufficient loads to induce changes in the speech or swallowing musculature (Clark, 2003) . Amidst this controversy, evidence has been emerging showing that tongue resistance exercise can indeed bring about improvements in tongue strength. In this article, we review what is known about the tongue and its role in swallowing. We review recent literature on tongue pressure generation capacity and response to tongue resistance exercises. Finally, we explore strength and skill as possible goals for tongue resistance training.
What do we know about the tongue and its function in swallowing?
The oral stage of liquid swallowing unfolds as follows: a) the bolus is taken into the mouth and positioned on the midsagittal groove of the tongue (Chi-Fishman, Stone, & McCall, 1998) ; b) The tongue moves up to the palate and pushes forward underneath the bolus (Steele & van Lieshout, 2009 ). This forward sliding action initiates posterior movement of the bolus; c) When the bolus reaches the oro-pharyngeal junction, a large downward-backward tongue movement transports the bolus through the pharynx (Steele & van Lieshout, 2009) . Tongue position in the vocal tract is governed by the extrinsic tongue muscles while fine movements and tongue shape are controlled by the intrinsic muscles (Sawczuk & Mosier, 2001; Takemoto, 2001) . Tongue elevation towards the palate and the application of tongue pressure to the bolus are likely to involve both extrinsic and intrinsic muscle activity.
Previous studies have explored the kinematics of tongue movement during swallowing with different stimuli in healthy individuals (Steele & van Lieshout, 2004 . Both agerelated changes and stimulus-related differences in tongue movement appear to be restricted to variations in movement duration (Steele & van Lieshout, 2004; 2009) . Longer movement durations are observed in older adults. Longer movement durations were also seen in all participants in anterior tongue dorsum movement for honey-thick juice versus thin liquid stimuli.
What do we know about tongue pressure generation in swallowing?
Tongue-palate pressures can be measured using air-filled bulbs placed between the tongue and the palate. Several forms of orolingual manometry equipment are available or in development (e.g. Hewitt, et al., 2008; Kieser, et al., 2008; Ono, Hori, & Nokubi, 2004; Utanohara, et al., 2008) . Models vary in the size and number of pressure sensors used, and whether sensor placement is fixed. The Iowa Oral Performance Instrument (IOPI) and the KayPentax Swallowing Signals Lab Orolingual Manometry module are currently the most commonly used. The IOPI uses a single bulb, approximately 2 cm x 1 cm x 0.5 cm, which is held in the mouth behind the alveolar ridge, and connects to a device that displays pressure in kilopascals (Youmans & Stierwalt, 2006) . The KayPentax equipment uses a strip of soft plastic housing 2 or 3 pressure sensors (each approximately 5mm in diameter and height), secured to the participant's palate using adhesive. Time-linked waveform data are displayed for each sensor on a screen. The IOPI is ideal as a biofeedback device in therapy; the KayPentax equipment is more commonly used for assessment, treatment baseline and endpoints.
Preliminary data show that healthy young adults typically generate maximum isometric tongue pressures (MIPs) of 80 kPa (600 mm Hg) (Crow & Ship, 1996) . Nicosia and colleagues (2000) studied healthy elderly individuals (mean age: 81), who had significantly lower MIPs than middle-aged controls (mean age: 51). The reported MIP norms for seniors are 40 kPa (300 mm Hg). Importantly, however, swallowing pressures are submaximal and fall well below the values registered in MIP tasks. Healthy seniors do not show a reduction in swallowing pressures although their upper limit on MIPs is reduced; this is interpreted to reflect reduced functional reserve (Robbins, Levine, Wood, Roecker, & Luschei, 1995) . Swallowing pressures in healthy seniors are, however, reported to be more variable than those in younger adults (Nicosia, et al., 2000) .
Limited information is available regarding variations in tongue pressure during swallowing with different stimuli. Significantly higher pressures have been reported for mashed potato versus thin liquids (Pouderoux & Kahrilas, 1995) . Youmans and Stierwalt (2006) reported higher tongue pressures during honey-thick liquid swallows compared to thin liquids. Tongue pressure amplitudes increase during effortful (vs. non-effortful) saliva swallows; when an effortful swallow is performed with intentional emphasis on tongue-palate pressure, greater pharyngeal pressures result (Huckabee & Steele, 2006) .
The importance of tongue strength for swallowing in healthy aging
Swallowing liquids requires precise control of oral bolus flow; this is achieved by the application of tongue pressure to the bolus. Strength is one component required for tongue pressure application. The literature contains many studies showing that age-related changes in swallowing occur in healthy individuals, distinct from changes that might be expected as a function of disease (e.g., Ekberg & Feinberg, 1991; Logemann et al., 2000; Rademaker, Pauloski, Colangelo, & Logemann, 1998) . These age-related changes are attributed primarily to changes in muscle mass, particularly in the tongue. Additionally, elderly subjects are described to use multiple tongue gestures to reach peak pressure (Nicosia, et al., 2000) . Multiple gestures are also typical of hyoid movement in seniors, and are interpreted to reflect age-related atrophy in the tongue and in the pharyngeal and laryngeal musculature (Sheth & Diner, 1988) . Agerelated changes in swallowing physiology do not necessarily imply a concomitant impairment of swallowing however, they introduce risk factors that bring the system closer to the limits of its functional capacity (Logemann, 1990) .
Encouragingly, recent research has demonstrated that resistance exercises for the tongue yield improvements in MIP (Robbins, et al., 2005) . This was first demonstrated in healthy older adults who performed 90 effortful anterior tongue presses (in 3 sets of 30) with the IOPI on three non-consecutive days of the week over an 8-week period. Exercise loads were set between 60% and 80% of each participant's MIP, and were adjusted weekly throughout the protocol. On this regimen, participants demonstrated statistically significant improvements in MIPs, in the order of 7% compared to baseline, with post-treatment values reaching approximately 50 kPa in magnitude. Robbins and colleagues went on to study this same phenomenon in individuals with dysphagia post stroke (Robbins, et al., 2007) . Participants completed 30 anterior and 30 posterior tongue presses (in 3 sets of 10 anterior and 10 posterior), again on three non-consecutive days of the week. Exercise loads were again customized to each participant, between 60 and 80% of MIP. After 8 weeks of treatment, MIPs had improved to 146% and 181% of baseline levels in the anterior and posterior bulb positions, respectively. Fascinatingly, these patients also showed improvements in penetration-aspiration scale scores. Bolus control measures were not reported. Thus, the relationship between tongue strength and bolus control remains in question.
The possible role of tongue pressure generation skill in swallowing:
Within the motor control literature, skilled movements are defined as tasks that require the "modification and organization of muscle synergies into effective movement sequences" (Monfils, Plautz & Kleim, 2005) . It seems reasonable to propose that the application of tongue pressure to control a liquid bolus in the mouth is a skilled movement task. Skill components within this task might include the ability to modulate the precise amplitude of pressure applied as well as the timing of pressure generation. At the Toronto Rehabilitation Institute, we have been studying tongue pressure skill and exploring the possibility that versatility in tongue motor function is critical for controlling the flow of liquid stimuli in the oral phase of swallowing. To date, there is no consensus about how tongue pressure skill should be measured. We measure skill as absolute tongue pressure accuracy, that is, distance (either above or below) from a pressure target in kPa, divided by MIP.
We are exploring the idea that a skilled exercise program (focusing on accurate tongue pressure generation) may be used as an effective means of improving swallowing function in individuals with dysphagia secondary to age-related decline, stroke, or other neurological impairment (Yeates, Molfenter, & Steele, 2008) . Previous studies have shown that the repetition and relearning of goal-oriented tasks yields superior long-term functional gains to strength training (Winstein, et al., 2004) . In simple terms, we require our patients not only to use their tongue muscles and tongue pressure capacity, but to improve this capacity both in terms of strength and accuracy (Robbins, et al., 2008) . While strength training has an important role in the rehabilitation process, motor re-learning may also be important for recovery. Long-term relatively permanent changes in behavior can be expected when appropriate feedback and deliberate task-specific practice are provided. Neural adaptation is thought to lead to gains in motor performance beyond those due to strength-associated adaptation of muscle (Connelly, Carnahan, & Vandervoort, 2000) . Cortical motor map changes have been described in response to training-related improvements in synaptic efficiency and motor evoked potential thresholds (Kleim, Barbay, & Nudo, 1998; Svensson, Romaniello, Arendt-Nielsen, & Sessle, 2003) . We are optimistic that a skill-oriented tongue resistance training protocol might similarly yield durable changes in tongue pressure generation capacity, with functional carryover to swallowing.
In summary, the dysphagia literature currently contains strong evidence that resistance training improves tongue strength. Swallowing is, however, a submaximal task, and it remains unclear whether improvements in strength transfer to swallowing function. Tongue pressure skill is a new concept, and still under early investigation. However, it appears that strength gains can be expected as an outcome of treatment that focuses on the generation of precise and accurate tongue pressures (Yeates, et al., 2008) . Future studies will need to seek evidence of physiological and functional changes in swallowing function from tongue resistance training protocols, so that we can better understand how to tailor treatment to patient deficits.
